Background-Echocardiography, the dominant imaging modality for quantification of left ventricular metrics, has undergone continuing development in the past few decades. However, given the lack of population-based data, current guidelines are still based on restricted and small data sets analyzed with methods including expert opinion. This work presents empirically derived reference values from a large-scale, epidemiologic study conducted with state-of-the-art imaging technology and methods.
T he left ventricle and its dimensions are fundamental indicators of cardiac function and therefore, of central significance for cardiovascular evaluation. The dominant and widespread imaging modality for quantification and diagnostics of left ventricular (LV) metrics is echocardiography. 1 Because of continuing refinements in echocardiographic methods and ultrasound technology, this imaging modality has undergone a continuing revolution in the past few decades.
Clinical Perspective on p 613
For a standardized, objective, and evidence-based description and evaluation of cardiac metrics, it is fundamental to define reference limits for the echocardiographic measurements and categorize the grades of deviation from those reference limits. Formulation of reference limits facilitates the consistent, uniform, and therefore comparable communication of cardiac findings among clinicians.
In the past, 4 approaches have been used for the definition of cutoff values for echocardiographic parameters 1 : (1) The method most widely used is based on standard deviations above and below the reference limits that are based on a group of apparently healthy individuals. (2) Values can also be categorized according to cardiovascular outcomes on follow-up, and limits are identified that indicate increasing risk with the increasing grade of deviation. (3) Another approach is the definition of cutoffs based on expert opinion, usually when data are lacking. However, these methods have several limitations, uncertainties, and shortcomings. 1, 2 (4) The generally accepted method of first choice is to empirically derive values from large-scale, epidemiologic studies of randomly selected, noninstitutionalized samples that can provide data on apparently healthy individuals in the general population, as well as on those with prevalent disease. [1] [2] [3] [4] [5] In this method, cutoff values are based on percentile values, which account for the asymmetric distribution and the range of abnormality present within the general population. A further strengthening of reference values is given by partitioning, especially the stratification by sex that may account for varying distributions in men and women owing to physiologic differences.
However, current guidelines are still based on a combination of all methods, including expert opinion, given the lack of population-based data. 1 In a population-based sample from the Gutenberg Heart Study (GHS), Germany, we studied the distribution of echocardiographic measurements of the left ventricle in white individuals in central Europe.
Methods

Study Sample
The GHS is designed as a population-based, prospective, observational, single-center cohort study in the Rhein-Main region in western mid-Germany. The primary aim was to evaluate and improve cardiovascular risk stratification.
The sample was drawn randomly from the governmental local registry offices in the city of Mainz and the district of Mainz-Bingen. (In Germany, there is a legal obligation to register; therefore, these registry offices contain data for residents of the defined area.) The sample was stratified 1:1 for sex and residence (urban and rural) and in equal strata for decades of age. Individuals between 35 and 74 years of age were enrolled, and written, informed consent was obtained from all participants. Exclusion criteria were insufficient knowledge of the German language and physical or psychological inability to participate in the examinations at the study center. The study protocol and sampling design were approved by the local ethics committee and by the local and federal data safety commissioners.
We investigated cross-sectional data of the first 5000 subjects enrolled into the GHS between April 2007 and October 2008. These individuals were invited for a 5-hour baseline-examination at the study center, where the echocardiographic examination for this investigation was performed. Information on the response rate is given in the supplemental description of methods (Supplemental Methods in the online-only Data Supplement).
Reference Sample
To provide insights into optimal cardiac geometry and to formulate reference values for LV linear dimensions, the reference group was defined as a sample of apparently cardiovascularly healthy subjects with a low risk for cardiovascular disease within the larger population sample: Hence, the reference sample included subjects without recognized (ie, self-reported) history of myocardial infarction, chronic heart failure, or coronary artery disease and without observed cardiovascular risk factors during the examination except for age (ie, nonhypertensive, nonobese, nondiabetic, nonsmoking, normolipemic individuals without a family history of myocardial infarction).
Measurements and Definition of Classic Cardiovascular Risk Factors
For investigation of the association between echocardiographic variables, information on prevalent classic cardiovascular risk factors and clinical variables, data from a computer-assisted personal interview, laboratory examinations of a venous blood sample, and blood pressure and anthropometric measurements were used. Definitions of cardiovascular risk factors are described in the Supplemental Methods (Data Supplement). In general, all examinations were performed according to standard operating procedures by certified medical technical assistants. Blood sampling was performed while the subject was in the fasting state.
Echocardiography
All subjects underwent multimodal echocardiography with an iE33 echocardiography system with an S5-1 sector array transducer (Royal Philips Electronics, Amsterdam, The Netherlands), a phased array with 80 elements and a 5-to 1-MHz operating frequency range. The examinations were performed according to standard operating procedures by trained and certified medical technical assistants at a single center. For the present investigation, echocardiograms were obtained from the left parasternal window. All measurements were made according to current American and European guidelines. 1 As recommended, LV internal diameters and wall thicknesses (WTs) were measured at the level of the LV minor axis, approximately at the mitral valve leaflet tips. Linear measurements were made by 2D-targeted M-mode echocardiography or directly from 2D images in cases when the M-mode cursor could not be positioned perpendicular to the septum and the LV posterior wall. For determination of the measurements, the actual thickness or diameter as defined by the actual tissue-blood interface, rather than the distance between the leading-edge echoes that had previously been recommended, was measured. 1, 6 The following linear echocardiographic variables were studied in the present investigation: interventricular end-diastolic septum diameter (IVSD), LV end-diastolic diameter (LVEDD), LV end-diastolic posterior wall diameter (LVPWD), and LV end-systolic diameter (LVESD). Derived from these variables, WT was calculated as IVSDϩLVPWD, RWT as (IVSDϩLVPWD)/LVEDD, and LV mass (LVM) according to the American Society of Echocardiography (ASE) as LVMϭ0.8ϫ{1.04[(LVEDDϩIVSDϩ LVPWD) 3 ϪLVEDD 3 ]ϩ0.6}. 7
Data Recording and Quality Control
All data sets were recorded digitally on a server with the integrated multimodality image-management system Xcelera (Royal Philips Electronics, Amsterdam, The Netherlands). After recording, echocardiographic data sets were quality controlled qualitatively and quantitatively by an experienced echocardiographer. All variables of the present investigation underwent quality control by a central data management unit. Data were checked for completeness by a predefined algorithm and predefined quality plausibility controls.
Statistical Methods
All analyses were sex-specific. In addition to the unadjusted values, all variables of LV metrics were indexed for body height and body surface area (BSA). LVM was also indexed for the suggested power of its allometric relation with height (ie, by height 2.7 ). 8 Adapted to the suggested standardization of echocardiographic measurements, 3 each variable was classified into categories based on sex-specific percentiles for height-indexed values in both samples. The categories shown in Table 1 indicate the respective reference limits and grades of deviation from the reference limits.
The association between age and LV metrics is illustrated in scatterplots. The regression lines for the median of the reference sample, and the median and fifth and 95th percentiles of the population sample were drawn in the charts by quantile regression. Quantile regression models were constructed for the conditional percentile (median). 9 Therefore, they are robust against skewed and heteroscedastic data and do not necessarily need a normal distribution of the residuals. Coefficient of variation and skewness were plotted against age from values of 2-year intervals for determination of the respective regression line by a linear-regression model.
Nomograms were generated for the variables of LV metrics, indexed by body height, with the categories defined. Based on a quantile regression model, the respective regression lines were plotted for the median and the respective percentiles of the indexed echocardiographic value against age. A description of methods for data presented in the supplemental tables is found in the online-only Data Supplement. Analyses were performed with R, version 2.8.1 (http://www.r-project.org). For quantile regression, the R package quantreg was used. 10
Results
Sample Characteristics
From the sample of the first 5000 subjects enrolled in the GHS, 20.8% (nϭ1042) were eligible for inclusion in the reference sample (apparently cardiovascularly healthy persons). The GHS sample showed an approximately uniform distribution with respect to age, whereas the reference sample had a right-skewed distribution with a decreasing portion of older subjects (Supplemental Figure I) . The characteristics of both samples are summarized in Table 2 . There was a balanced sex ratio in the population sample, whereas the reference sample showed a slight preponderance of women (59.6%).
Distribution of LV Metrics in the Samples
In general, means, medians, SD intervals, and fifth and 95th percentiles for the crude parameters of LV metrics were higher in men than in women. Indexation of parameters for body height led to a convergence of these descriptive statistical characteristics between sexes, but the sex differences still persisted. However, indexation for BSA presented an inverted relation for sex in the diameters LVEDD and LVESD, with slightly higher means and medians in women than in men. These observations were consistent in both the population and reference samples. The echocardiographic characteristics of the population sample and the reference sample are displayed by sex in Supplemental Tables I and II .
Reference Limits and Categorization of Values Exceeding Those Limits
Sex-specific upper cutoffs for the reference limits of LV metrics and the categorization of values exceeding the reference limits are provided in Tables 3 and 4 . In both sexes, categorization of values for LVEDD/BSA resulted in an overlap of categories: 95th percentiles for the population sample were lower than those of the reference sample. Therefore, the 95th percentile of the reference sample was taken as the cutpoint between the categories denoting intermediate and mild deviation. LVESD/BSA showed approximately equal values for both samples.
Relations Between LV Metrics and Age
Overall, age had a stronger association with LV metrics in women than in men in both the reference and population sample ( Supplemental Tables III and IV) . Interestingly, LVEDD/height showed no association with age in any subgroup. For women, all other variables showed an association with age in both samples, whereas LVESD/height was the only parameter with a negative association with age. In men, however, there were no associations with age for LVESD/height in both samples and for LVM/height in the reference sample. The absolute changes of the metric variables per year increment of age are represented by the B estimates for the indexed echocardiographic variables. The largest changes per year for diameter measures compared with their original scale were found in both sexes in the population sample and the reference sample for IVSD/height. In all groups, the IVSD showed a greater absolute change per year of age than did the LVPWD. The change in LVM per year of age was 0.42 g/m in men and 0.60 g/m in women in the population sample. To evaluate the strengths of the associations between age and geometric variables, R 2 (the proportion of the variance of the variable being explained by age) was compared between the groups. For women, maximal R 2 were found for WT/height (13.7%), followed by IVSD/ height (12.1%); corresponding estimates for men were 7.6% for WT/height and 6.8% for IVSD/height. Investigation of scedasticity in the population sample showed heteroscedasticity for LVEDD and LVESD in both sexes and for RWT in women and LVM in men. Figure 1 
Nomograms
In Figure 2A to 2G, nomograms relating LV dimensions to age are provided, partitioned by sex. The lowest line refers to the median of the reference category (dashed line), followed by the 95th percentile for the reference sample and the 95th, 98th, and 99th percentiles for the population sample. These percentiles can be used to discriminate the reference category (dark green) and the intermediate (light green), mild (yellow), moderate (orange), and severe (red) deviation categories.
Discussion
Based on a large population-based data set, the present investigation provides a comprehensive characterization of the distribution and reference limits for echocardiographic measures of LV metrics and their association with age with the use of state-of-the-art imaging technology and methods. 
V indicates the echocardiographic value measured. *The 95th percentile for the population sample was lower than that of the reference sample. Therefore, the 95th percentile of the reference sample was taken as the cutoff between the categories "intermediate" and "mild" deviation.
Starting in 1981, 1 of the initial epidemiologic, community-based studies offering echocardiographic measurements, particularly of LVM and metrics, was the Framingham Heart Study. 3, [11] [12] [13] [14] Other single-site [15] [16] [17] and multicenter, 18, 19 large-scale studies followed, providing a description of echocardiographic measures. Multicenter studies are challenged by more heterogeneous data acquisition, although the establishment of core laboratories can partly compensate for this and improve the standardization of data collection. 20, 21 Current reference values for linear LV dimensions published by the echocardiographic associations have been obtained from an ethnically heterogeneous North-American population of 510 white, African-American, and American-Indian adults. 1, 19, [22] [23] [24] The reference values for volumetric measurements are based on more limited data for 52 volunteers. 1, 25 The literature provides several studies on reference limits with smaller sample sizes. 26 -32 However, studies on reference limits with a sample size Ͼ200 are very limited. 3, 33, 34 Previous studies have been recorded with older echocardiography systems by 2D-guided, M-mode echocardiograms only. Within the last 3 decades, however, developments in ultrasound image processing have yielded a substantially improved resolution and allow more precise identification of cardiac structures and walls. Current ultrasound technology allows measurement of the visualized diameter of structures as defined by the actual tissue-blood interface, rather than the distance between the leading-edge echoes that had previously been recommended. 1, 6 Current guidelines recommend recordings from the parasternal longaxis window to obtain accurate linear measurements, which can be made with 2D-targeted, M-mode echocardiography or directly from 2D images. 1 Although M-mode recordings provide better temporal resolution for accurate timing of cardiac motion, 2D images provide better spatial orientation. The use of 2D image-derived linear dimensions overcomes the common problem of oblique parasternal images, resulting in an overestimation of cavity and wall dimensions from the M-mode echocardiograms 1 and an inevitable bias introduced by exclusion of data sets without satisfactory echocardiograms. This fraction was Ϸ20% in most of the previous studies. 3 Our use of newer measurement methods resulted in slightly modified reference limits: For example, the community-based sample from the Framingham Heart Study, recorded in the early 1980s, reported larger values for LVEDD and smaller values for WT in both men and women. This can be explained by the different measurement methods. Cavity diameters tend to be larger in studies with M-mode echocardiography only. 3 Regarding WT, measurement of the actual tissue-blood interface leads to larger measures than does using the distance between the leading-edge echoes. The variation in thickness of the reflection lines with the depth of penetration owing to decreasing imaging precision in earlier echocardiographic systems intensifies this effect. 
Despite improvements in echocardiographic methodology, the discrepancy might in part also be explained by the difference in prevalent hypertension (33.1% in the Framingham Heart Study vs 51.3% in the GHS), which leads primarily to hypertrophy of the chamber walls. However, when the reference samples of apparently healthy individuals without hypertension are compared in both studies, differences between WTs are even more pronounced. Although the reference group in the GHS was more strictly defined with respect to present cardiovascular risk factors, the different age ranges between the samples (Framingham Heart Study, 20 to 45 years vs GHS, 35 to 74 years) have to be considered.
LVM calculations have recently been made from 2D linear LV measurements in the Strong Heart Study with 176 American Indian participants and 237 New York City residents 19 : upper normal limits for LVM, defined in this study as the 98th percentile, were 96 g/m 2 in women and 116 g/m 2 in men. The data analyzed in the present work revealed comparable values of 92 g/m 2 in women and 115 g/m 2 in men in the reference group, here defined as the recommended 95th percentile of apparently cardiovascularly healthy persons. This is consistent with the cutoffs for LV hypertrophy recommended by the guidelines as 95 g/m 2 in women and 115 g/m 2 in men.
For the definition of apparently cardiovascularly healthy individuals, previous work included subjects without recognized cardiovascular disease, hypertension, obesity, and diabetes. 1, 3 For the present analysis, subjects with the risk factors smoking, dyslipidemia, and positive family history of myocardial infarction were also excluded from the reference group, as the presence of these risk factors might be associated with changes in LV metrics and its components. WT/ height, for example, was significantly different for subjects with and without these risk factors.
To standardize echocardiographic measures, the proposed categories for the description of values exceeding the reference interval were applied, as suggested by Vasan et al. 3 This classification enhances the comprehensibility of measurements to clinicians and promotes uniformity in describing measurements. The categorization was amended by the definition of the category "very severe deviation from the reference" as values exceeding the 99.9th percentile of the population sample; it should be helpful for characterizing patients in the clinical setting of hospitals, where clinicians see a selective collective of patients with measures of LV metrics that deviate more frequently and more extremely from the reference. The category labeling values between the 95th percentiles of the reference and the population sample was named "intermediate," as it indicates values that exceed the reference limits for cardiovascularly healthy persons but that are still within the reference limits of the overall population. Interestingly, there was an overlap between the categories "reference," "intermediate," and "mild" for LVEDD/height and LVESD/height in young men. This could be explained by the possible beginning of concentric hypertrophy in young men with prevalent hypertension (prevalence in males, 56.1%) explaining a reduced LVEDD/height and a slightly hypercontractile ejection fraction leading to a re-duced LVESD/height compared with the reference sample. At older ages, these effects are compensated for by concentric remodeling with increasing LV diameters.
Cardiac geometry also varies with body size. To adjust for this variation, echocardiographic variables have been normalized for anthropometric measures. Several methods have been proposed: indexation by BSA, by body height, for LVM, and for the power of its allometric relation with height (ie, height ␤ ). Indexing by BSA has been criticized because it masks obesity-related variations in echocardiographic dimensions 35 and will underestimate the prevalence of LV hypertrophy. 1 Furthermore, there are theoretical and mathematical limitations. 36, 37 Height has the advantage of being an easily obtained measurement, which is also a nonderived measure that has very little variation with illness. However, there is still no consensus on the optimal adjustment and guidelines for all values. 1 Age as a factor influencing cardiac geometry is an issue of ongoing discussion for defining echocardiographic reference values. In general, partitioning by age has assumed importance owing to the aging of populations. 38 In aging populations in which health becomes the outcome variable and disease status is the normative state, echocardiography may help to define the phenotype of healthy cardiac aging. 39 As a factor, aging has to be considered as consisting of 2 components: there are "physiologic" changes that occur with aging; hence, increasing age may alter cardiac measurements without causing disease. However, these processes have to be distinguished from pathologic changes associated with aging and the greater prevalence of cardiovascular risk factors with advancing age. Although classic risk factors account for a high proportion of the population-attributable risk for cardiovascular diseases, 40 it has to be kept in mind that other "unknown" risk factors may also still be included in the slope of the percentiles.
Limitations
Extrapolation of reference limits proposed here to other populations should be done with caution, as the GHS sample was predominantly white and of European ancestry. However, in a previous study, there was no consistent difference in any measures of LV size or function across different ethnic groups. 19 Although the age range reflects a broad proportion of the population, extrapolation of our data to other age groups may not be valid. Also, nonresponders may introduce a bias in our study, as they tended to be slightly older. Finally, cardiovascular risk factors may not be associated with linear changes in LV geometry. Cardiac adaptation processes may lead to nonlinear changes that might not be reflected in the categories and linear nomograms that have been presented here.
Strengths of the Data
The present data are based on a population-representative sample. The scale of the data allows a representative calculation of reference limits for LV metrics by performing a combined analysis of a reference group within a population sample and to provide comprehensive information on the distribution and association with age. The echocardiographic exams were performed at a single site with the use of state-of-the art technology and methods. The presentation of data by indexation, partitioning, and the categorization of values outside the reference range provide the possibility of enhancing the comprehensibility of measurements and promoting uniformity in describing measurements.
Conclusions
The rapidly evolving echocardiographic technology with persistent improvements in image quality, as well as new measurement conventions, requires the evaluation of new reference limits for LV metrics. The present investigation formulates reference limits and nomograms with a categorization of values deviating from the reference, based on a large population-based sample. Data were acquired with up-to-date technology, the methods recommended by current guidelines, and a high standardization of data acquisition by a singlecenter design with centralized training and certification of sonographers. The distribution of echocardiographic measures of LV metrics presents in part nonlinear associations with age, which should be the subject of future investigations.
